Applicability of the stress relaxation test as a method of discerning frictional stress and internal stress is examined theoretically. It is found that the strain rate should change continuously on the onset of stress relaxation when an appreciable amount of frictional stress exists, while the strain rate should change discontinuously at the starting point of the stress relaxation when the frictional stress is negligibly small or the internal stress is the dominant component of the flow stress. Whether the contribution of the frictional stress to the flow stress is appreciable or not, can therefore be determined by comparing the strain rates immediately before and after the start of the stress relaxation.
I. Introduction
In describing the deformation behavior of crystalline materials, it is very important to know respective contributions of frictional and internal stresses to the flow stress. The magnitude of the mean internal stress has been determined hitherto by measuring the stress level at which the relaxation ceases in various stress relaxation tests. This stress level corresponds to the stress at which the deformation of the specimen stagnates, since the plastic strain rate of the specimen is proportional to Metals, Tohoku University, Sendai. Present address: Department of Materials Science and Technology, Faculty of Engineering, Kyushu University, Higashi-ku, Fukuoka 812, Japan.
et al. (1) showed that this stress for deformation stagnation is not necessarily equal to the very mean internal stress during the deformation immediately before the relaxation.
The existence of the frictional stress, however, may be verified by that method, if the upper-limiting stress at which deformation stagnation is detected is lower than the flow stress immediately before the relaxation.
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In the dip test, however, the deformation stagnation is usually confirmed by the condition that the rate of stress relaxation is kept zero over an appreciable period, when an error due to recovery may be involved, as pointed out by Toma et al. (1)(5) In order to minimize the above error they proposed the following method(1): Stress is reduced as rapidly as possible and the subsequent stress-transient is measured with a high speed recorder, then the stagnation period is extrapolated to zero. This so-called extrapolation method led to the result that, in high-temperature deformation of pure fcc and bee metals, the internal-stress contribution is nearly 100% of the flow stress(1) (5) This supports the validity of the recovery mechanism in which the flow stress is controlled by the competition between recovery softening and strain hardening of the internal-stress field.
Thus, the difference in the way of deciding on deformation stagnation in these dip tests led to the opposite results. This is attributable to the difference in treating the error due to recovery during measurements. Hence, it is necessary to eliminate the error experimentally and to answer the question "whether or not an appreciable contribution of the frictional stress to the flow stress exists in high-temperature deformation of pure metals". This paper presents a new method of discerning frictional stress and internal stress by the stress relaxation test, and attempts to answer the above question. The aim of this method is not to determine the stress at which deformation stagnates, but to obtain the strain rate immediately after the start of the stress relaxation. Therefore, it may minimize the error due to recovery, though the absolute magnitude of the internal stress is not evaluated. While the extrapolation dip test seems to contain some arbitrariness arising from the extrapolative operation, the proposed method has the merit in that the error due to such arbitrariness can be removed.
This method is applied to the following two cases and the results are compared with each other; the case of pure metals, fcc aluminum and bee vanadium, in which the internal stress was found to be 100% of the flow stress by the extrapolation dip test; and the case of solutionhardened alloys, fcc Al-5.7 at % Mg and bee V-5.0 at % Fe, in which an appreciable contribution of the frictional stress was confirmed or is expected. (2) The first term at the right-hand side in eq. (2) corresponds to the stress change due to the change in internal structure at a constant strain rate, and the second term does to the stress change due to the change in strain rate at a constant structure. The latter stress change arises from the frictional-stress change. Since the change in internal structure is caused by both the plastic deformation and the annealing 
Then, by putting (6) the following formula is obtained :
In the usual stress relaxation test, after the specimen is deformed up to a certain strain at a constant crosshead speed, the crosshead is stopped and subsequent stress-transient is (7) where K is a constant determined by the rigidity of the machine assembly and the specimen.
Therefore, dislocation motion is generally thought to be dependent on the velocity of dislocation.
Introducing the constraining condition (7) into eq. (2)', we obtain
2. Case II in which the frictional stress is negligible When the frictional stress is negligibly small and the flow stress can be determined by the internal stress, (10) Thus, the Orowan's relationship (6) is obtained: (11) h is the coefficient of strain hardening without recovery and r is the rate of recovery without strain hardening with recovery derived directly from stress-strain curves, using eq. (11): (12) Introducing the constraining eq. (7) into eq. (11), the strain rate immediately after the stress relaxation is (13) Thus, (14) that is, the strain rate immediately after the stress relaxation becomes smaller than that immediately before it. (In a usual test condition, In summary, by comparing the strain rates immediately before and after the start of the stress relaxation, it can be determined whether the contribution of the frictional stress to the flow stress is appreciable or not. This method is effective regardless of whether the deformation is in a steady state or not.
III. Experimental
Specimens
Rod specimens of aluminum, 25 mm in gage length and 2.2 mm in diameter, were prepared from 99.99% purity ingot by cold swaging. Plate specimens of Al-5.7 at % Mg alloy, 25 mm in gage length and 4 mm in width were prepared from the cold-rolled sheets of 1 mm thickness. Vanadium of 99.9 % purity (electronbeam melted ingot supplied from Nihon Gaishi Co.) are arc-melted and cold-swaged. From this vanadium ingot and the electronbeam melted iron of 99.9 % purity, V-5.0 at Fe alloy was made by arc melting and cold swaging. Specimens of vanadium and V-5.0 at % Fe alloy, 25 mm in gage length and 2.5 mm in diameter, were made from the coldswaged bars. Specimens of aluminum and Al-Mg alloy were fully annealed in air for 1 hr process, where the frictional stress is negligible and the flow stress is determined predominantly by the internal stress, it is thought that recovery is caused mainly by climbing motion of dislocations and the effect of slip during recovery is negligible. Then, h and r have their own physical meanings and can independent in eq. (11)(7). For example, the value of h can be derived directly from the instantaneous plastic strain produced by the stress increment during creep, and the value of r from the incubation period produced by the stress decrement(8)~ (10) The values of h and r can also be evaluated by measuring two quantities simultaneously which are represented in terms of h and r, by conducting a stress relaxation test on the way of tensile deformation (11) . The latter method removes the abovementioned restrictions as to the effect of slip during recovery.
In the case where the frictional stress is not negligible, on the other hand, h and r do lose their own physical meanings and the above experimental term in eq; (2)' invalidates the techniques. In this case, the instantaneous plastic strain cannot be produced by the stress increment during creep. Whether the contribution of the frictional stress to the flow stress is appreciable or not, may thus be determined by examining the existence of the instantaneous plastic strain following the stress increment. 3. Constant K
The constant Kin eq. (7) is given (12) by (15) where ko is the spring constant of the machine, and E, S and l are the Young's modulus, the cross-sectional area and the gage length of the specimen, respectively. The slope Ka of the linear part in a stress-strain curve in Fig. 2 is generally smaller than the value K derived from eq. (15) . The reason may be that not only the true elastic strain but also the microplastic strain of the specimen contributes to the slope. In fact, the use of Ka instead of K sometimes led stress immediately after the stress relaxation never exceeds that immediately before it, the strain rate immediately after can not exceed that immediately before in the usual condition of plastic stability). When the contribution of the frictional stress is negligible, this discerning method will be more effective as in eq. (14) becomes less than unity, that is, as K/h becomes Since the coefficient of strain hardening, h, depends on the material and the deformation condition, it is preferred to adopt a large value of K, namely, in practice to use a machine with large k0 and the specimen with large l/S. The spring constant of machine, k0, is determined by the load-cell, pull-rod, joints, etc. In this work it was 230 kg/mm for aluminum and Al-Mg alloy and 380 kg/mm for vanadium and V-Fe alloy.
Young's moduli in aluminum and Al-Mg alloy were quoted from the data (13) which were obtained for 99.99 % aluminum and Al-5.6 by extrapolating to higher temperatures. The error caused by the extrapolation is not serious: the error of 10% in E corresponds to that of about 2 % in K, since for the case of vanadium and V-Fe alloy the first term is about one-fifth the second term on the right-hand side of eq. (15).
IV. Results
Typical examples of stress relaxation curves frictional stress is negligibly small, which may lead to the misunderstanding that the contribution of the frictional stress is appreciable.
thought to be mainly due to the temperature dependence of h, since that of K is not so large). Thus, it is seen that, under the condition of the present experiment, the frictional stress is appreciable in V-Fe alloy but negligibly small in vanadium.
V. Discussion
A method of descerning whether the presence of frictional stress is appreciable or negligible by comparing the strain rates immediately before and after the start of the stress relaxation was stated. By applying this method to high temperature deformation of metals and alloys, it is concluded that in pure metals of fcc and bcc (aluminum and vanadium) the frictional stress is negligible, that is, the internal stress is nearly 100% of the flow stress, while in solution-hardened alloys of fcc and bcc (Al-5.7 at % Mg and V-5.0 at % Fe) the contribution of the frictional stress is appreciable.
First, the essential characteristics and physical meanings of this method will be discussed. By measuring the stress level at which the relaxation ceases in various stress relaxation tests, the magnitude of the mean internal stress has been determined hitherto by many researchers, as mentioned in section I. According to the theoretical consideration(1), however, some restraining conditions are required even if deformation stagnation is realized without the change of the internal structure: This stress for deformation stagnation (or zerocreep stress) is equal to the mean internal stress during deformation only when the stress exponent in dislocation velocity, m, is unity or when the internal stress is nearly 100% of the flow stress. Otherwise, the knowledge of the distribution function of the internal stress is necessary in order to correlate the mean internal stress with the zero-creep stress. In addition to the fundamental problem mentioned above, it is difficult for high-temperature tests to realize deformation stagnation without the change of the internal structure, because the recovery occurs during measurements. Though the dip test was devised in order to attain the deformation stagnation as rapidly as possible, the internal stress field must recover more or less while deformation appears to stagnate in the measurement. Therefore, in order to obtain the stress for true stagnation of deformation by this test one needs to make a kind of extrapolative operation(1)(5), which may involve some arbitrariness. The present method, however, does not require the determination of the stress at which deformation stagnates, but requires the determination of the strain rate immediately after the start of the stress relaxation. It has, therefore, the merit in that the error due to recovery is minimized and the extrapolative operation for discerning the existence of the frictional stress is not necessary, though the absolute magnitude of the internal stress cannot be evaluated. This method can be applied to the experiment of deformation at any temperatures irrespective of the degree but it may be effective particularly at high temperatures where the rate of recovery is high. This method requires only a single stress relaxation test in a short period of time, and is effective whether the deformation is in a steady-state or not. Furthermore, the values of h and r can be derived from this single relaxation test in the manner mentioned in section 11.2 if the internal stress is nearly 100% of the flow stress.
However rapidly the stress may be reduced, an infinitesimal reduction of stress gives rise to only an infinitesimal reduction of strain rate when the internal stress is not 100% or the contribution of the frictional stress is appreciable. When the internal stress is 100%, on the other hand, an infinitesimal reduction of stress gives rise to the reduction of strain rate up to zero if the rate of stress reduction is higher than that of recovery, or only the stress reduction just compensating the rate of recovery occurs. This is the physical meaning of the present method. Therefore, when the frictional stress exists, it becomes easier to examine the coincidence of the strain rates immediately before and after the stress relaxation as larger (see eq. (8)). In the case when the internal stress is 100 %, as h is smaller or K is larger, the Secondly, the results obtained by this method will be discussed. At sufficiently high temperatures for solute atoms to migrate through the crystal under the action of thermal fluctuations, it is expected that moving dislocations in solution-hardened alloys experience the frictional stress resulting from the solute atmospheres around them"'). The extrapolation dip test actually showed that the contribution of the frictional stress to the flow stress was about 30 -50 % in Al-5.7 at % Mg alloy(1). The worksoftening phenomenon is observed in solutiontemperature, and confirmed their equality. Since this means the existence of the frictional stress according to the present method, it seems that Peierl's stress is not negligible in Mo at room temperature.
As noted in section III. 3, however, it is necessary to examine whether the value of K is sufficiently large.
hardened fcc alloys such as Al-Mg and Au-In alloys at high temperatures, which can be interpreted reasonably in terms of the frictional stress caused by solute atmospheres(16)(17) Also, a considerably uniform distribution of dislocations (18)(19), which is characteristic of the structure in Al-Mg alloy deformed at high temperatures, is directly related to the existence of the frictional stress in the alloy (20) . From the above-mentioned facts, it is certain that an appreciable amount of the frictional stress exists at least in Al-Mg alloys. The same conclusion reached by the present method seems to support its reliability. Although the deformation properties of bcc solid-solution alloys have not been studied so systematically as in Al-Mg alloys, the present result and our recent observation (21) on the high-temperature worksoftening phenomenon suggest that an appreciable amount of the frictional stress caused by solute atmospheres exists in V-5.0 at % Fe alloy.
The present result that the internal stress is nearly 100 % of the flow stress in high-temperature deformation of pure metals of fcc and bcc, agrees with that of the extrapolation dip test. Therefore, even though the extrapolation dip test might contain some error due to its arbitrariness in the way of extrapolating, the present results show the error to be satisfactorily small. Davies et al. (22) showed by precise measurements of creep strain that a slight reduction of applied stress caused deformation stagnation in some pure metals. Their result is consistent with the present one. Thus it is concluded that the internal stress is nearly 100 % of the flow stress in high-temperature deformation of fcc and bcc pure metals. The present method may be the most reliable among the current methods described, because practically the error due to recovery is not introduced during measurements. Thus, it can be said safely that the hightemperature deformation in these metals is controlled by the recovery mechanism.
VI. Summary
In examining theoretically the applicability of the stress relaxation test as a method of discerning frictional stress and internal stress, the following results are obtained.
(1) When the frictional stress exists appreciably, the strain rate immediately after the stress relaxation is equal to that immediately before it. When the frictional stress is negligible or the internal stress is nearly 100 %, however, the strain rate immediately after the stress relaxation is generally less than that immediately before it.
(2) Therefore, whether the internal stress is nearly 100 % of the flow stress or not can be discerned by measuring the strain rate immediately after the start of the relaxation in the stress relaxation test. Since this method is not intended to determine the stress at which deformation stagnates, unlike the usual methods for measuring the internal stress, the error due to recovery during measurements may be minimized though the absolute magnitude of the internal stress cannot be obtained by this method. The present method involves only a single stress relaxation test, and also is effective whether the deformation is in a steady-state or not.
By applying this method to the experiment of deformation at high temperatures above 0.5 T,,,, the following results are obtained.
(3) In pure metals of fcc aluminum and bcc vanadium, the frictional stress is negligibly small, that is, the internal stress is nearly 100% of the flow stress.
(4) In solution-hardened alloys of fcc Al-5.7 at % Mg and bcc V-5.0 at % Fe, on the other hand, the contribution of the frictional stress to the flow stress is appreciable.
